2016) Amyloid in dementia associated with familial FTLD: not an innocent bystander, Neurocase, 22:1, 76-83, Patients with frontotemporal lobar degeneration (FTLD) can show superimposed amyloid pathology, though the impact of amyloid on the clinical presentation of FTLD is not well characterized. This cross-sectional case-control study compared clinical features, fluorodeoxyglucose-positron emission tomography metabolism and gray matter volume loss in 30 patients with familial FTLD in whom amyloid status was confirmed with autopsy or Pittsburgh compound B-PET. Compared to the amyloid-negative patients, the amyloid-positive patients performed significantly worse on several cognitive tests and showed hypometabolism and volume loss in more temporoparietal regions. Our results suggest that in FTLD amyloid positivity is associated with a more Alzheimer's disease-like pattern of neurodegeneration.
Traditional models of neurodegenerative disease propose that an abnormality in a specific protein catalyzes a cascade of changes, leading ultimately to neurodegeneration (Jack et al., 2010) . Although alternative models are receiving more attention (Jack & Holtzman, 2013) , this idea still guides current diagnostic approaches, as well as clinical trials, which have thus far focused on treating single, specific proteins. Yet, in many patients, brain autopsy shows a mixture of abnormalities involving several putatively disease-specific proteins (Echavarri, Caballero, Aramendia, Garcia-Bragado, & Tunon, 2011) . Mixed pathology can be interpreted in at least two ways:
(1) a primary protein caused most of the patient's symptoms and the other proteinopathy is a secondary phenomenon, or (2) both pathologies contributed to neurodegeneration and accounted for the clinical features in that patient. If the primary/secondary model applies, treatment for the primary protein may be adequate, whereas the combined-effects model suggests that treatments for both proteins should be considered.
Frontotemporal lobar degeneration (FTLD) is a leading cause of dementia (Brunnstrom, Gustafson, Passant, & Englund, 2009 ) most commonly associated with one of two protein abnormalities: tau or TDP-43 (Mackenzie & Rademakers, 2007) . Around 20-50% of FTLD patients have a strong family history, with about 10% of FTLD showing an autosomal-dominant pattern of inheritance (familial, or f-FTLD) . Many of these cases are caused by mutations that confer very high risk for FTLD (Rohrer, & Warren, 2011) . Several authors have reported that the clinical and imaging features in patients with f-FTLD can mimic Alzheimer's disease (AD) (Kelley et al., 2009; Le Ber et al., 2008; Rademakers et al., 2007) . In some of these cases, dual pathology with FTLD and betaamyloid in f-FTLD has been confirmed (Josephs et al., 2007; Perry et al., 2013) . The influence of this dual pathology on clinical and imaging features has not been systematically examined.
Materials and methods

Study population
Patients were included from ongoing projects whose goal was to improve diagnosis of FTLD. Assessments included neurological history and examination, neuropsychological testing, informant interview and genetic testing, and postmortem examination as described previously Coppola et al., 2008; Fogel et al., 2012; Grinberg et al., 2013; Kramer et al., 2003; Rosen et al., 2002 ) (see Supplemental data for details on genetic and autopsy methods). Brain imaging included MRI, fluorodeoxyglucose-positron emission tomography (FDG-PET) and amyloid-PET (see below). Diagnosis is determined prior to review of imaging during a multidisciplinary conference where the team is blind to the genetic status of the patient. Patients were included in this study based on the following criteria: (1) symptomatic from f-FTLD as defined by a dementia or motor neuron syndrome in the presence of an established mutation or rare genetic variation in a gene associated with FTLD, and (2) confirmed presence or absence of beta-amyloid pathology either from autopsy or PET scanning. We limited our analysis to f-FTLD in order to identify patients with strong evidence of dual FTLD/beta-amyloid pathology. f-FTLD patients with evidence of amyloid are highly likely to have dual pathology including FTLD. In addition, the presence of a mutation strongly favors FTLD as the "primary" pathology, so that AD pathology is likely to be secondary. Analyzing the effects of amyloid in this setting provides the strongest evidence about the influence of amyloid on the evolution of an FTLD neurodegenerative process.
Cognitively normal comparison subjects (CN), who were recruited from the community via advertisements and community events, had a similar assessment and were required to be functioning independently and to be performing within normal limits on neuropsychological testing (Kramer et al., 2007; Mormino et al., 2009) .
Participants or their surrogates provided written consent of participation in the study. The study was approved by the University of California in San Francisco (UCSF), UC Berkeley and Lawrence Berkeley National Laboratory (LBNL) institutional review boards for human research.
Image acquisition and processing
PET and MRI preprocessing and analysis were conducted using SPM8 (http://www.fil.ion.ucl.ac.uh/spm). Subjects underwent FDG-PET and amyloid PET using Pittsburgh compound B (PiB) on a Siemens ECAT EXACT HR scanner at LBNL . FDG frames for each subject were summed and normalized to mean activity in the pons. For PiB, voxelwise distribution volume ratios were calculated using Logan graphical analysis (Rabinovici et al., 2007) . PiB scans were interpreted by a visual rater as "positive" or "negative" as previously described (Rabinovici et al., 2011) . FDG-PET standardized uptake volume ratios were spatially normalized to Montreal Neurological Institute space using the subject's structural MRI and smoothed by 12 mm.
T1-weighted magnetization-prepared rapid gradientecho images were acquired on one of three scanners: a 1.5-T Siemens Magnetom VISION system (Rosen et al., 2002) , a Siemens 3-T TIMM Trio Scanner (Bettcher et al., 2012) , or (in the case of one patient) a Bruker MedSpec 4-T system controlled by a Siemens TrioTM console (Mueller et al., 2009 ). The patient scanned at 4 T was included in the clinical description and FDG-PET analysis but not the MRI group analysis. Gray matter content was analyzed using voxel-based morphometry, as previously described (Rosen et al., 2010) . Modulated gray matter images were smoothed with a 12 mm Gaussian kernel.
Statistical analysis
Patients were categorized as amyloid positive (A+) based on either the PiB-PET or the presence of at least a consortium to establish a registry for Alzheimer's disease (CERAD) moderate level of amyloid plaques at autopsy because PiB positivity is associated with this level of plaque (Clark et al., 2011) . Voxelwise comparisons were performed separately for FDG-PET and MRI using analysis of covariance models that included diagnosis (CN, A+, A-) as the condition, and age and sex as covariates. For MRI, total intracranial volume and scanner field strength (1.5 T versus 3 T) were also included. Contrasts were performed as follows: A+ < CN, A-< CN, A+ > A-, and A-> A+. T-maps were displayed on a canonical brain at a threshold of p < .001 uncorrected for multiple comparisons. The threshold for statistical significance was p < .05 after family-wise error correction for multiple comparisons.
Demographics and neuropsychological data for the two groups were analyzed using Stata/IC 11.0 for Windows. Continuous variables were analyzed using t-tests, and categorical variables were analyzed using χ 2 tests.
Results
Clinical features in A+ versus A-cases
Thirty patients meeting the criteria for the study were identified including 19 with C9ORF72 expansions, 6 with GRN mutations, 1 with a MAPT mutation, 2 with a rare variation of unknown significance in the TARDBP gene, and 2 with the rare p.A152T variation in the MAPT gene (see eTable 1 in the Supplemental data for more details). In total, 15 of these cases had PiB-PET and 17 had autopsies (two had both). Six patients were categorized as A+; three with PET only, two with autopsy only, and one with PET and autopsy ( Figure 1 ). Three of the A+ cases have been described previously Perry et al., 2013) .
Autopsies in three of six A+ cases confirmed dual FTLD/AD pathology (two are shown in Figure 2 ). In case 1 with the TARDBP variant, the diagnosis was FTLD with unclassifiable FTLD-TDP-43, featuring frequent crescent-shaped, round, skein-like, and granular TDP-43 neuronal inclusions, scattered intranuclear neuronal inclusions in several cortical and subcortical areas, along with abundant β-amyloid neuritic plaques. Lack of tau neuronal inclusions or tau positivity in dystrophic neurites precluded the pathological diagnosis of AD. An autopsy performed on the brother of case 1, who carried the same TARDBP variation but was not clinically evaluated at UCSF, showed very similar pathology. Case 5 had TDP-43 type A inclusions (Mackenzie et al., 2010) along with AD pathology including CERAD frequent plaques and Braak Stage V neurofibrillary tangles (high-likelihood AD; Hyman & Trojanowski, 1997) . Case 6 had FTLD-TDP-43 type A pathology and AD-related neuropathological changes including CERAD moderate plaques and Braak IV-V neurofibrillary tangles (intermediate likelihood AD; Hyman & Trojanowski, 1997) .
All of the A+ cases carried the apolipoprotein E (APOE) e4 allele compared with 8 of the 22 A-cases in whom APOE status was available (χ 2 7.63, p < .01). In five of the six A+ cases, the initial clinical diagnosis was AD, whereas this was the initial diagnosis in three of the amyloid-negative cases (χ 2 12.32, p < .001). Diagnoses in the A-cases included behavioral variant frontotemporal dementia (bvFTD), non-fluent variant of primary progressive aphasia, progressive supranuclear palsy, and amyotrophic lateral sclerosis. Although all the A+ cases were recognized as atypical (see Supplemental data), the features leading to AD diagnoses included early problems with memory (cases 1 and 3), visuospatial functions (case 2), calculations (case 4), and logopenic type aphasia (case 5). Case 6 was diagnosed with corticobasal syndrome. The A+ group was older at symptom onset and time of scanning, but the duration between onset and time of scan was the same as that in A- (Table 1 ). The A+ also had lower scores on the MMSE, several language tasks, and some frontal/executive function measures. Verbal memory and visuospatial scores were also lower in the A+ group, although the difference did not reach statistical significance.
Imaging
MRI
MRIs suitable for group analysis were available for 4 A+ (mean age 59.8) and 24 A-patients (mean age 58.7).
Case 2's MRI done at 4 T was analyzed separately and case 5's MRI was excluded due to motion artifact. For comparison, a group of 30 MRIs from CNs was assembled (mean age 60.1), including 11 scanned at 1.5 T and 19 at 3 T. Compared with CN, the A-group showed extensive frontal and anterior temporal volume loss involving the ventral, dorsal, lateral, and medial frontal regions, as well as the striatum and thalamus (Figure 3 ). In the A+ group, volume loss involved the lateral parietal and temporal regions, and the hippocampus. When the A+ group was compared directly with the A-group, A+ showed decreased volume in the medial and lateral parietal regions and hippocampus, including a subset of voxels in the right parietal regions that survived the multiple comparisons threshold (no regions were significant in the A+ < A-contrast). To examine whether the amyloid effect might overlap with the effect of APOE e4, we compared the 8 A-APOE e4 carriers to the 16 Anon-APOE e4 carriers, and found no significant differences (data not shown).
Case 2 was compared to a group of 10 CN individuals who were all aged 68 and who were scanned at 4 T. Similar to the rest of the A+ group, she showed a posterior pattern of atrophy (eFigure 1 in the Supplemental data). FDG-PET FDG-PET was available for 4 A+ (mean age 67) and 11 A-patients (mean age 59). Their images were compared with those from 25 CNs (mean age of 66). The A-group showed hypometabolism in the anterior temporal and medial and orbital frontal regions (Figure 3 ), while the A+ group showed hypometabolism in the right temporoparietal region and the right middle frontal gyrus. When directly compared with the A-group, the A+ group showed a metabolic deficit in the right temporoparietal region.
Discussion
The goal of this study was to characterize the impact of amyloid pathology on the pattern of neurodegeneration and clinical presentation in FTLD. We identified six cases with significant amyloid pathology in a group of 30 patients with f-FTLD. Clinically, all but one of the A+ patients had features that led to a diagnosis of AD, and the A+ group showed parietal/posterior temporal atrophy and hypometabolism in a pattern typical for AD. These data provide strong evidence that amyloid, when present, exerts a significant influence on the pattern of neurodegeneration and clinical presentation in f-FTLD.
The findings have implications for the diagnosis, treatment, and biology of neurodegenerative disease. Clinicians should be aware that the clinical presentation and distribution of anatomical and metabolic abnormalities in FTLD can be modified by amyloid co-pathology, with increased involvement of posterior structures. Several studies have identified patients diagnosed clinically with FTLD who were found to have amyloid by imaging or autopsy (Davies et al., 2005; Josephs, Tsuboi, Cookson, Watt, & Dickson, 2004; Perry et al., 2013; Rabinovici et al., 2011) . These cases have usually been interpreted as misdiagnoses, yet most of the imaging studies did not include autopsies, and many of the autopsy studies did not directly address the issue of dual pathology or were done before TDP-43 was identified as a protein relevant to FTLD.
Our finding of several A+ cases in a group of patients with FTLD pathology indicates that, in unusual cases where FTLD is a consideration and clinical and/or biomarker evidence of amyloid pathology is found, that co-occurring FTLD and amyloid should be considered. Furthermore, the specific choice of biomarker may affect this issue. We classified patients as A+ based on amyloid PET, which becomes abnormal with a moderate level of plaque pathology. cerebrospinal fluid (CSF) Aβ 42 levels may be more sensitive to the presence of plaques than amyloid imaging (Fagan et al., 2006) , increasing the risk that clinicians would erroneously attribute symptoms to "pure" AD in cases of AD/FTLD co-pathology when using CSF biomarkers. These issues can only be addressed with studies that combine CSF, amyloid imaging, autopsy, and other biomarkers of FTLD pathology as they become available.
Regarding treatment, clinical trials aimed at modifying the course of neurodegenerative disease have usually focused on a single protein, most commonly amyloid (Doody et al., 2014; Salloway et al., 2014) . The failure of these studies has caused some to consider that concurrent treatment for multiple protein abnormalities may be necessary in AD, where the importance of both amyloid and tau are well established (Bloom, 2014) . The current findings extend this logic to FTLD and suggest that treatment for both amyloid and whatever FTLD protein is involved in each patient may be necessary to treat all factors leading to neurodegeneration.
From a biological perspective, the findings raise questions about the factors influencing the accumulation of amyloid in FTLD and the mechanisms through which amyloid mediates its effect in the brain. In a previous report, we suggested that GRN mutations may increase risk for AD and accelerate AD pathology (Perry et al., 2013) . In the current study, amyloid was also observed with C9ORF72 and TARDBP mutations, indicating that the phenomenon is not limited to GRN. Furthermore, all patients with amyloid were APOE e4 carriers, suggesting that AD risk factors are more likely to be driving the accumulation of amyloid than were the FTLD mutations. This is consistent with previous studies linking APOE e4 to AD co-pathology in autopsy samples (Josephs et al., 2004) . It is notable, however, that not all subjects with APOE e4 had amyloid, indicating that additional factors must play a role. Prior studies of the effect of APOE e4 in GRN carriers have come to varied conclusions, with some showing modified clinical features with APOE e4 (Rademakers et al., 2007) and others showing no effect (Bruni et al., 2007) . The fact that we saw no effect of APOE e4 in patients who did not have amyloid suggests that APOE e4 may only have a meaningful impact in FTLD if it results in amyloid accumulation. Even if FTLD genes are not independent risk factors for AD, they may still interact with AD risk factors to accelerate AD-related neurodegeneration (Perry et al., 2013) . Another issue raised by these findings is whether the effect of amyloid in the brain is always mediated through tau. The fact that case 1 showed no tau at autopsy but still showed AD-like clinical and imaging features indicates that this may be possible.
A potential limitation to our study is the larger representation of C9 carriers in the control group. Although this may potentially change the structural anatomy of the control group, we would expect it to do so in favor of more posterior involvement (Sha et al., 2012) and therefore dilute any potential difference between the A+ and Agroups in posterior brain structures. Since the anatomical changes involving the parietal lobes in the A+ group were still observed despite the large representation of C9 carriers in the A-control group, we are confident that this represents a true difference between the two groups.
The p.A152T variant of the MAPT gene, which was present in one A+ case who was diagnosed with corticobasal syndrome due to AD, merits special consideration. The role of this variant in neurodegenerative disease is still being characterized. A recent genetic analysis in over 15,000 cases indicated that this rare variant can be present in cognitively healthy individuals and confers an intermediate risk of neurodegenerative disease (including FTD and AD) rather than functioning as a dominant mutation . p.A152T has been associated with increased formation of tau oligomers and inefficient microtubule assembly , and with fragmentation and hyperphosphorylation of tau and neurodegeneration in induced pluripotent stem cells (Fong et al., 2013) . Most p.A152T cases with autopsy have had tauopathies with low levels of amyloid (Kara et al., 2012; Kovacs et al., 2011) . A simple interpretation of these findings would be to conclude that our A+ with this variant simply has AD; however, considering this case in light of the others in our analysis requires a more complex interpretation. Our results suggest that AD risk factors can interact with genetic risk factors for FTLD, resulting in amyloid pathology being superimposed on FTLD. In the same way, p.A152T may primarily be a risk factor for tauopathy and present with an FTLD-like clinical picture in the absence of additional AD risk factors, but with clinical and pathological features of AD when such risk factors are present. No studies have examined potential interactions between p.A152T and AD risk factors, likely because of small numbers, but such studies would be informative in clinical cohorts and in preclinical models.
Although the number of A+ cases in this group was relatively small, the clinical and imaging data provide a clear picture of the effect of amyloid. Our analysis only included f-FTLD cases because even living f-FTLD patients who are amyloid positive can be reasonably assumed to have dual FTLD/amyloid pathology. These findings, however, have potential implications for sporadic FTLD (Padovani et al., 2013) an issue that can be addressed in pathologically confirmed groups. Our findings highlight the danger of making conclusions about the pathological underpinnings of a patient's symptoms based on only a single biomarker. They stress the continuing importance of thorough clinical assessment, which remains an extremely sensitive tool for detecting the effects of specific proteins on neurological functioning. Future clinical and preclinical studies should pay more attention to mixed pathology if we are to fully understand the process by which protein abnormalities lead to neurodegeneration.
